Abstract: Diffuse VHE γ radiation from the Galactic Centre ridge observed by the H.E.S.S. telescope has been convincingly linked with the propagation of recently accelerated cosmic rays that interact with molecular hydrogen clouds during their diffusion. Through a series of time-dependent simulations of that diffusion for different propagation parameters we have obtained the most probable values of the diffusion coefficient for the Galactic Centre region. Assuming that the diffusion coefficient is of the form κ(E) = κ 0 (E/E 0 ) δ , then for different optimal combinations of κ 0 and δ its value is obtained for cosmic rays originating from a central point (possibly Sgr A East) 10 kyr ago.
Introduction
Since 2004 the High Energy Stereoscopic System (H.E.S.S.) has provided us with images of VHE γ-ray emission from the Galactic Centre of unprecedented angular resolution [1] . Besides the discovery of a few point sources of γ-rays, the H.E.S.S. collaboration presented a γ-ray count map of the inner 400pc of the galaxy that shows lower intensity emission distributed over an area that spans approximately 300pc [2] . This emission seems to follow the molecular gas density as measured by its CS distribution [3] , up to a distance of approximately 1.3° in galactic longitude from the Galactic Centre. Such a correlation hints at the source of the γ-rays, for which two theories have been proposed. One possibility is that a population of electron accelerators produces the observed emission via inverse Compton scattering. The objects that would make up such a population, such as pulsar wind nebulae, would thrive in regions of highdensity molecular gas, but the large number of such sources needed to reproduce the observed emission renders this possibility unlikely. The other possibility is that the γ-rays are produced when cosmic rays interact with the molecular gas, producing pions that decay into photons.
The lower energy threshold of the H.E.S.S. survey was 380 GeV, so cosmic ray protons of higher energies would be needed to produce the observed γ-rays. Furthermore, those cosmic ray protons would have to have been accelerated near the Galactic Centre at some point in the past, yet not diffused significantly beyond 1.3° from it. Assuming the validity of this theory, we may use this data to infer the diffusion properties of cosmic rays in the Galactic Centre region for possible sources of cosmic rays. Aharonian et al. [2] already proposed the supernova remnant Sgr A East, with an estimated age of 10 kyr, or the putative supermassive black hole Sgr A* with a more remote age of activity, as possible sources. Büsching et al. [4] studied the first possibility in an analytical reproduction of the H.E.S.S. observations by calculating the emission results for different diffusion coefficients. Using a small number of Gaussian functions to represent the molecular clouds and protons of mean energy ~ 3 TeV to represent the cosmic rays they arrived at a diffusion coefficient of κ = 1.3 kpcMyr -1 .
In our paper we used a series of time-dependent simulations of proton propagation in the Galactic Centre for different diffusion parameters, in a 3D SIMULATION OF COSMIC RAY PROPAGATION IN THE GALACTIC CENTER RIDGE environment comprising of over 500 distinct molecular clouds synthesized from a variety of observations. Through this process we have arrived at a new estimation of the diffusion coefficient in the Galactic Centre region.
Synthesizing a hydrogen cloud map
The environment in which we simulated the diffusion of cosmic rays is an area rich in H 2 gas, contained in a complex setup of high-density clouds, ridges and streams comprising about 10% of our galaxy's interstellar molecular gas, i.e. about 2 to 5 x 10 7 solar masses [3] . Due to the high densities involved, tracer molecules are used to determine the mass of each gas cloud. To create a realistic 3D map of that environment we first obtained the data for the 159 distinct molecular cloud clumps recognised by Miyazaki & Tsuboi [5] , i.e. their assigned galactic longitudes, latitudes, radii and densities. Their radial distances are unknown, so we assumed a random function to simulate them. To this data we added the locations and densities of the radio-sources Sgr A [6] , Sgr B1, Sgr B2 and Sgr C [7] , which are rich in atomic hydrogen. We then broke down the entire CS map of the Galactic Centre by Tsuboi et al. [3] into blocks of uniform density, which we treated as clouds of equal radii with random radial distances. Finally we added the larger CO clouds by Oka et al. [8] for an expanded distribution in our map. Every time we added a new set of clouds we checked the possibility that clouds from previous sets were sharing their projected locations with new clouds, and we subtracted the masses of such clouds accordingly. The result was 584 clouds of hydrogen gas with a high uncertainty as to their radial distances. These clouds were then turned into a 3D grid of 120x60x60 boxes of uniform density, which form the volume of our diffusion model.
Diffusion model
We used the diffusive model of CR propagation, assuming a diffusion coefficient of the form:
where E is the energy of the CR protons, E 0 =1GeV, while κ 0 and δ are free parameters, whose values we will try to infer through our simulations. The index δ is a measure of the turbulence of the magnetic field in the GC region, and is assumed to be 0.3 < δ < 0.6 [9] , while κ 0 is a constant whose value we will seek to ascertain for each value of δ. The diffusion coefficient in our simulations is represented by the mean free path ℓ ℓ = 3κ/c. Thus, our test protons move in straight lines of length equal to ℓ, after which their directions change randomly. At the end of each such free walk, the box number of the hydrogen density grid is calculated and a check is made for collisions with hydrogen protons. If such a collision occurs, the diffusion continues with a lower proton energy, as shown in the next section.
Production of γ-rays
γ-rays are produced from neutral pion decay. Pions are produced in proton-proton collisions, with two main distinct possibilities
In the first case the initial proton loses part of its energy and a multiplicity of pions is created that share equally the energy lost from the proton. The positive and negative pions break down into electrons and neutrinos, while the neutral pions produce γ-rays. Assuming an inelasticity k pp =0.45 [10] , 15% of the initial proton energy will go to the produced γ-rays, while the initial proton will continue its diffusion with 55% of its initial energy. We assume that the cross section for this reaction between protons is σ pp = 4·10 -26 cm 2 [11] , while an increase by a factor of 1.30 is needed to account for the known chemical composition of the Interstellar Medium [12] .
In the second case no photons are produced, but the initial proton is turned into a neutron. It will thus continue its propagation in a straight line, unaffected by the magnetic fields that regulated its trajectory as a proton. However it will revert back into a proton with a half life τ = 886.7 ± 0.8
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sec [13] . Accounting for time dilation, the distances traveled as a neutron are always much smaller than the mean free paths, so we can easily assume that this case will not affect the diffusion process, besides the reduction in proton energy.
In each case, a reaction probability is calculated for each step in the random walk. The cross section defines a cylinder along the mean free path that contains a density n of hydrogen molecules, that is retrieved from the grid box where each step ends. The reaction probability is RPU = nℓσ pp and it is checked against a random number at the conclusion of each step. If the random number is smaller than RPU, then there is a collision and γ-rays are produced.
Simulation parameters
If we assume a single source for the diffuse cosmic rays in the Galactic Centre, then that would be either the supernova remnant Sgr A East or the putative supermassive black hole Sgr A*. The former has a calculated age of 10 4 yr [14] while the latter could have had a burst of activity even further in the past. In our simulations we have focused on an age of 10 4 yr and a source at galactic coordinates l = 0°, b = 0°, which corresponds to both candidates. We have assumed a production time for the cosmic rays of 10 2 yr and they are broken down into six energetic populations, ranging from E = 10 12.5 eV to E = 10 15 eV. Each population has the same number of test particles, but those numbers are normalised after each simulation according to a power law distribution that fits best the power law of the observed γ-rays from H.E.S.S. The resulting γ-rays are then compared against the results from H.E.S.S. using the reduced χ 2 criterion.
Results and discussion
The resulting reduced χ 2 values for different diffusion coefficients are shown in Fig. 1 . The minimum value of χ 2 observed is 1.69, for δ = 0.4 and κ 0 = 0.126 kpc 2 Myr -1 , but for all values of δ we can see minima of χ 2 that are at most equal to 2. If we use those values of δ and κ 0 to calculate the diffusion coefficient for protons of energy 10 12.5 eV (the lowest energy in our sample and also the most important due to the relative abundance of such protons over those of higher energies), we will arrive at the results illustrated in Fig. 2 . There we can see that for each value of δ the diffusion coefficient displays the same minimum at κ ≈ 3 kpc 2 Myr -1 . This value is higher than that calculated by Büsching et al. [4] but close to that suggested by Aharonian et al. [2] (less than 3.5 kpc 2 Myr -1 ). . The grey line shows the equivalent results from Büsching et al. [4] for comparison.
These results were derived under the assumption that the acceleration of the cosmic rays responsible for the observed γ-rays occurred 10 4 yrs ago at a single source, with no subsequent periods of activity at that source. Recent papers [15] have noted that this may be a very simplified approach, as there have been many supernovae in the Galactic Centre region in the past millennia. Also the uncertainty in the radial distances of hydrogen concentrations may have had a significant impact on the final results. Finally, these simulations assumed that the diffusion coefficient remains constant throughout the whole region of propagation, and local orderings of magnetic fields were not taken into account.
Those limitations notwithstanding, the results of our simulations are useful in providing an estimate of the diffusion coefficient in the Galactic Centre, taking the different magnetic turbulence theories (that become manifest in the different values of δ) into account.
